The mean (N-O) bond dissociation enthalpies were derived for three 2-methyl-3-(R)-quinoxaline 1,4-dioxide (1) derivatives, with R ) methyl (1a), ethoxycarbonyl (1b), and benzyl (1c). The standard molar enthalpies of formation in the gaseous state at T ) 298.15 K for the three 1 derivatives were determined from the enthalpies of combustion of the crystalline solids and their enthalpies of sublimation. In parallel, accurate density functional theory-based calculations were carried out in order to estimate the gas-phase enthalpies of formation for the corresponding quinoxaline derivatives. Also, theoretical calculations were used to obtain the first and second N-O dissociation enthalpies. These dissociation enthalpies are in excellent agreement with the experimental results herewith reported.
Introduction
The study of the molecular energetics of some classes of N-oxide derivatives has been one of our interests over the past decade, 1 with the main goal of using quantitative thermodynamic data for deriving the dissociation enthalpy of the nitrogen-oxygen dative covalent bond, DH m O (N-O), which shows variation with its immediate molecular environment.
Compounds having the N-oxide function, as other oxygenated species, can be ordered to establish a reactivity scale in terms of their abilities to transfer oxygen atoms in several biophysical chemistry conversions. 2 Some aromatic heterocyclic di-N-oxides are thought to be required for selective biological activities, appearing to be very promising molecules activated bioreductively as "hypoxic modifiers". [3] [4] [5] [6] The oxygenation status of clonogenic cells in solid tumors is believed to be one of the major factors affecting tumor response to radiotherapy. There is evidence that the presence of hypoxia in human tumors influences the treatment of the malignancy, and some studies suggest that hypoxic cells may also be refractory to certain chemotherapeutic drugs. The concept of bioreductive activation of drugs in hypoxic cells to produce a more toxic compound has been extensively reviewed, and one of the general classes of such agents are 1,2,4-benzotriazine 1,4-di-N-oxide derivatives. 7, 8 The importance of the N-oxide groups for the selective activity suggested the possibility of designing new heterocyclic N,N-dioxides and exploring their activity in hypoxic cells. It is also suggested that the more negative the reduction potential, the greater the hypoxic selectivity to the point at which enzymes can no longer reduce the compound.
In this context, the design and formation of N-oxide derivatives, 5,9,10 particularly quinoxaline 1,4-di-N-oxide derivatives, have been attracting interest for important pharmacological applications, as they have proved to be efficient cytotoxic agents for hypoxic cells of solid tumors. Accordingly, the knowledge of the energetics of the N-O bonds in this class of compounds has a fundamental interest for the characterization of the behavior of the species, and this implies that study of this kind of molecules has to be expanded.
In previous work, 1b we have determined the mean molar dissociation enthalpy of the (N-O) bonds, 〈DH m O (N-O), for some quinoxaline 1,4-dioxides, but the results are scarce, since quinoxaline derivatives are difficult to obtain in sufficiently pure conditions for thermochemical measurements. The present work reports experimental results that allow the derivation of the values of the standard molar enthalpies of formation, in the gaseous state, for three new 1 derivatives: 1a, 1b, and 1c. To derive the values for 〈DH m O (N-O)〉, the gaseous enthalpies of formation of the corresponding quinoxaline derivatives without (N-O) bonds are required, although in the literature the experimental value is available for only one of the compounds: 2a.
11 As for 2b and 2c, it has not been possible to obtain samples with purity sufficient for calorimetric measurements; however, this problem has been overcome by estimating the values for their gas-phase enthalpies of formation, using accurate density functional theory calculations. These data, calculated with a good support for comparison between theory and experiment, are used to derive the cor-
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Combustion.
Results for a typical combustion experiment on each compound are given in Table 1 ; ∆m(H 2 O) is the deviation of the mass of water added to the calorimeter from 2900.0 g, the mass assigned for (calor); ∆U Σ is the correction to the standard state; the remaining terms are as previously described. 12 As samples were ignited at T ) 298.15 K, ∆U(IBP) ) -{ (calor) + c p (H 2 O (l))‚∆m(H 2 O) + f }∆T ad + ∆U(ign); where ∆T ad is the calorimeter temperature change corrected for heat exchange and the work of stirring. For the three dioxide derivatives considered in the present work, the individual values of -∆ c u O , together with the mean and its standard deviation, are given in Table 2. Table 3 lists the derived standard molar enthalpies of combustion and of formation for these compounds. In accordance with normal thermochemical practice, 13 the uncertainties assigned to the standard molar enthalpies of combustion and formation are twice the overall standard deviation of the mean and include the uncertainties in calibration and in the auxiliary quantities used. respectively, in reasonable agreement with those measured using the Knudsen effusion technique, listed in Tables S1 and S2 (given in Supporting Information). For 1c, the results were not reliable, and it has not been possible to obtain a confident value using this calorimetric technique.
The results for the measurement of the standard molar enthalpies of sublimation of 1a, 1b and 1c, determined using the Knudsen method, are summarized in Tables S1-S3 (Supporting Information), respectively, together with the mean temperatures of the experimental ranges and the standard molar enthalpies of sublimation at these mean temperatures, ∆ cr g H m O (<T>); the parameter of the Clausius-Clapeyron equation corresponding to the slope was obtained using a least-squares fitting of the experimental data. The value of
, and 1c ) 146.6 ( 3.2 kJ mol -1
. The uncertainties assigned are twice the overall standard deviations of the mean.
Enthalpies of Formation. The enthalpies of formation of the three quinoxaline-1,4-dioxide derivatives were obtained from the corresponding standard enthalpies of formation in the crystalline state and from their enthalpies of sublimation. The final standard molar enthalpies of formation, in both crystalline and gaseous states, as well as the standard molar enthalpies of sublimation, at T ) 298 K, for the compounds studied in this work are summarized in Table 4 . The enthalpies of formation, in the gaseous state, are 149.4 ( 4.5, -178.0 ( 4.3, and 249.2 ( 6.6 kJ/mol for 1a, 1b, and 1c, respectively.
Calculated Structures and Enthalpies of Formation.
Selected geometrical parameters of 3 and 2a obtained at the B3LYP/6-311+G(2d,2p) level of theory are compared with previous theoretical and experimental data in Table S4 (Supporting Information) . 16, 17 To allow a better comparison with previous works, we have considered the same atom labeling used in ref 16 and shown in Figure 1 . Direct comparison with previous computed data at the B3LYP/6-31G(d) level of theory shows that the inclusion of diffuse functions and extra polarization functions does not significantly affect the geometry of either 3 or 2a. However, it is noticed that the use of the 6-311+G(2d,2p) basis set yields shorter bond lengths with a maximum deviation of 0.006 Å. The analysis of bond angles computed by these two different basis sets shows that differences are of about ∼0.2°e xcept in one case where a deviation of 0.8°is found. Thus, we may conclude that the 6-31G(d) basis set is sufficient to describe the geometrical parameters of this class of compounds since differences are negligible when a larger basis is used. Comparison of calculated geometries and experimental crystallographic parameters shows an overall good agreement, but since solid and gasphase structures are compared, differences of up to 0.15 Å are found for C-H bonds. The structural parameters of 3 and 2a are very similar, and the largest discrepancy is noticed for the C2-C3 bond. The elongation of this bond in 2a is due to the steric interaction of the methyl groups connected to adjacent carbon atoms. Due to the larger size of the ethoxycarbonyl and benzyl substituents, the structure of the corresponding 2b and 2c derivatives is no longer planar and the deviation from planarity increases drastically with the size of the R group. In the case of 2b, the oxygen atoms are moved away from the quinoxaline plane by 30°. In the case of the benzyl substituent, 2c, the presence of a CH 2 group between the phenyl group and the quinoxaline aromatic rings gives the chance for a larger tilt of the phenyl group. In the last case, the N4C3R3C and C2C3R3C dihedral angles are of 102 and -78°, respectively. In this geometry, the phenyl ring is almost normal to the quinoxaline plane. Full geometric details are given in Supporting Information.
Different basis sets were used to estimate the enthalpy of formation of 2a considering eq 1.
The influence of the basis set chosen to describe the atomic density in the computed enthalpy of formation is reported in Table 5 . The results herewith reported show that the enthalpy of formation computed at the B3LYP level of theory practically does not change with the size of the basis set considered. In fact, the addition of polarization and diffuse functions to the 6-31G(d) basis set produce changes in the calculated enthalpy of formation of about 1 kJ/mol. Contrary to what was found in previous works for phenol derivatives 18 and chloronitroanilines, 19 the BP86 functional is shown to be poorer than 2a
Quinoxaline-1,4-Dioxide Derivatives the B3LYP approach in the present calculations. The value in closer agreement with experiment was calculated from a combined approach that used the B3LYP/ 6-31G(d) level to compute vibrational frequencies and the B3LYP/6-311+G(2d,2p) level to obtain the total energy after optimization with this larger basis set. In the present work, the combined approach is labeled B3LYP/ 6-311+G(2d,2p)//B3LYP/6-31G(d). At this level of theory, the enthalpy of formation of 2a is 167.5 kJ/mol. For all the basis sets considered and when used together with the B3LYP exchange-correlation functional or even with the BP86 functional, the calculated enthalpies of formation are always lower than the experimental value reported for 2a, 172.9 ( 3.0 kJ/mol.
11 However, if we analyze what happens when a new reaction is used, there are significant changes in the computed values. The enthalpies of formation calculated from the use of two new reaction schemes, bond dissociation (eq 2) and a different isodesmic reaction (eq 3), are also compiled in Table 5 . From the bond dissociation reaction (eq 2), the computed enthalpy of formation is rather decreased if the 6-31G(d) basis set is used. However, if a 6-311+G(2d,-2p) basis set is used, the calculated enthalpy of formation is now very close to the available experimental result. This estimation is based on the experimental enthalpies of formation of all compounds in eq 2. The only exception was the enthalpy of formation of methylenimine, CH 2 -NH. In a recent computational study, De Oliveira et al. 20 used the accurate W2 (Weizmann-2) thermochemical approach to calculate the enthalpy of formation of methylenimine. These authors claim that their value, 88.3 ( 2.1 kJ/mol, carries a much smaller uncertainty than any available experimental results, which lie in the range 86.2-110.5 kJ/mol. 20 The W2 value is in agreement with the most recent experimental results, 87.9 ( 16.7 kJ/ mol. 21, 22 In the present work, the enthalpy of formation of CH 2 NH was recalculated by using the Gaussian-3 approach and the reaction of atomization. The computed number is 87.4 kJ/mol, in excellent agreement with the recent and accurate W2 calculations. 20 The enthalpy of formation of 2a was also computed by using a third reaction (eq 3) and the B3LYP/6-31G(d) or the B3LYP/ 6311+G(2d,2p) approaches. Again, due to the large uncertainty associated with the experimental enthalpy of formation of the CH 2 NCH 3 species, 44 ( 8 kJ/mol, 23 this value was estimated from Gaussian-3 calculations. The G3-computed enthalpy of formation for this species is 78.6 kJ/mol. This number differs significantly from the available experimental result, 23 and thus the enthalpies of formation of 2a estimated by employing reaction 3 must be analyzed with caution. However, since the G3 approach yields an enthalpy of formation for methylenimine that is in excellent agreement with the most recent experimental 21, 22 and theoretical results 20 for CH 2 NH, we believe that the computed value for the CH 2 NCH 3 species presents also a small uncertainty. Thus, it is expected that this approach would permit the estimation of the enthalpy of formation of the similar CH 2 NCH 3 species. The enthalpies of formation estimated by employing reaction 3 are in fair agreement with the experimental number but somewhat larger than 172.9 kJ/mol.
From what is shown in Table 5 , it may be concluded that the use of the B3LYP approach to estimate the enthalpy of formation of the 2a compound gives a maximum uncertainty of 10 kJ/mol, which is lowered to 3-6 kJ/mol if the 6-311+G(2d,2p) basis set is employed.
The enthalpies of formation of the other two 2-methyl-3-(R)-quinoxaline derivatives, 2b and 2c, were estimated from the following isodesmic reaction.
The standard enthalpy of formation of 2b is -159.2 kJ/mol at the B3LYP/6-311+G(2d,2p) level of theory or -159.8 kJ/mol at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d) level, respectively. Again, in agreement with the results reported in Table 5 , negligible differences are found between the B3LYP/6-311+G(2d,2p) and B3LYP/ 6-311+G(2d,2p)//B3LYP/6-31G(d) calculated enthalpies of formation. Thus, to save some computer time, the enthalpy of formation of the benzyl derivative was estimated only from the enthalpies computed by the combined approach. Using the latter approach afforded an estimated value for 2c of 289.4 kJ/mol, not far from the B3LYP/6-31G(d) result, which is 286.1 kJ/mol.
The enthalpy of formation of 1a was calculated at the B3LYP/6-311+G(2d,2p) level using reaction 5 and the experimental enthalpy of formation of 2a, 172.9 ( 3.0 kJ/mol, 11 and also ∆ f H m O (O, g) ) 249.18 ( 0.10 kJ/mol.
14 The computed value is 149.6 kJ/mol, in excellent agreement with the experimental value, 149.4 ( 4.5 kJ/mol. However, the gas-phase enthalpies of formation of 1b and 1c were not calculated due to the absence of experimental enthalpies of formation for 2b and 2c. 
11,14
The derived values for 〈DH m O (N-O)〉 are listed in Table 6 , together with the experimental values for the gas-phase enthalpies of formation for 1a-c and the literature value for the gaseous enthalpy of formation for 2a. The computationally derived enthalpies of formation for 2b and 2c are also reported in Table 6 . The Table 6 . Analysis of the energy required to remove only one oxygen atom shows that the oxygen atom closest to the bulkiest ligand is much more easily removed, i.e., the N-O bond dissociation energy is lower. In the case of 1b, the energy required to remove the ethoxycarbonyl neighboring oxygen atom is 242.9 kJ/mol, almost 10 kJ/mol less than that required to remove the oxygen atom adjacent to the methyl group. Identically, for 1c the energy required to remove the oxygen atom closest to the benzyl group is lower than that required to remove the CH 3 neighboring oxygen atom. However, in the latter case, the energetic difference is only ∼3 kJ/ mol. The larger energetic difference found for 1b is in agreement with previous experimental information. 24 Dirlam and McFarland 24 found that it is possible to selectively remove the oxygen atom closest to the C(O)-OCH 3 group in 1e. They observed that the reaction yield is larger than 95% after reaction with excess trimethyl phosphite in refluxing 1-propanol. 24 
Conclusions
In the present work, both experimental and computational techniques were used to obtain the enthalpies of formation and N-O bond dissociation enthalpies, in the gas-phase, for 1a-c. The final experimental results are reported in Table 6 . The N-O BDEs calculated at the DFT-based B3LYP level of theory are in rather good agreement with these experimental values. The results obtained show that the first N-O bond dissociation enthalpy increases in the order ethoxycarbonyl < benzyl < methyl. The second N-O bond dissociation enthalpies are almost the same for the three compounds studied due to similar neighboring, i.e., a methyl group in an adjacent position. The second N-O bond dissociation enthalpies, corresponding to the oxygen atom nearest to the CH 3 group, are of about 267-269 kJ/mol. These results show that the oxidizing power of 1 derivatives is highly increased if bulky ligands appear in positions near the N-O moiety, especially if they have atoms with lone pairs. However, the presence of nearby bulky substituents is not the full answer to the synthesis of new highly oxidizing agents. A dramatic increase of the size of the ligand disables the synthesis of 1-4-dioxides due to enormous destabilization of these molecules.
Experimental Section
Materials. 1a was prepared by reacting benzofuroxan with 2-butanone as described by Heyns et al. 25 The compound was further purified by three crystallizations from anhydrous methanol. 1b was synthesized as previously published in the literature. 26 The procedure involved the addition of ethylacetoacetate to an ice-cooled methanolic solution of benzofuroxan. Morpholine was added dropwise with stirring, and the resulting mixture was stirred overnight. The crude product that was collected by filtration was further purified by three crystallizations from absolute ethanol. 1c was prepared in similar fashion from benzylacetone and benzofuroxan, using butylamine as the base. 27 A purified sample of 1c was obtained by three crystallizations from ethanol.
Experimental melting point temperatures of 1a-c, along with published literature values, are given in Supporting Information. Thermochemical Measurements. The energies of combustion of the three compounds were determined with an isoperibol static bomb calorimeter, with a twin-valve bomb with an internal volume of 0.290 dm 3 , which has been transferred from Manchester to Porto. The apparatus was used mainly as previously described, 28, 29 but with a few changes in technique because of different auxiliary equipment used, as it is described in ref 1f.
The energy of reaction was always referred to as the initial temperature of 298.15 K. The calorimetric system was calibrated using benzoic acid (BDH Thermochemical Standard, batch 693976/01) having a massic energy of combustion under standard bomb conditions of -26 435.1 ( 3.5 J/g. The calibration results were corrected to give the energy equivalent e(cal) corresponding to an average mass of water added to the calorimeter of 2900.0 g. One set of seven calibration experiments was made in oxygen at p ) 3.04 MPa, with 1.00 cm 3 of water added to the bomb, leading to an energy equivalent of the calorimeter e(calor) ) 15 551.6 ( 2.6 J/K, where the uncertainty quoted is the standard deviation of the mean. To check the accuracy of the apparatus, a series of six experiments was also performed by burning urea (NBS, Standard Reference Material 2152, having a massic energy of combustion under standard bomb conditions of -10 536 ( 3 J/g) in the presence of an auxiliary material of combustion (benzoic acid, BCS-CRM 190-r, having a massic energy of combustion under standard bomb conditions of -26 432.3 ( 3.8 J/g). The result obtained, -10 534.7 ( 4.0 J/g, agrees with the certified one.
Samples of compounds in pellet form were ignited at T ) 298.150 ( 0.001 K in oxygen at a pressure p ) 3.04 MPa with a volume of 1.00 cm 3 of water added to the bomb. The electrical energy for ignition was determined from the change in potential difference across a capacitor when discharged through the platinum ignition wire. n-Hexadecane, ∆ cu O ) -47 164.3 ( 3.6 J/g, was used as an auxiliary in the combustion experiments for 1c. The corrections for the cotton thread fuse, carbon formation, and nitric acid formation were made as previously described. 30 At T ) 298.15 K, (∂u/∂p)T for this solid was assumed to be -0.2 J g -1 MPa -1 , a typical value for organic solids.
For all the compounds, the values of -∆cu O were calculated by the procedure given by Hubbard et al. 12 The relative atomic masses used throughout this paper were those recommended by the IUPAC Commission in 1999. 31 The amount of substance used in each experiment was determined from the total mass of carbon dioxide produced after allowance for that formed from the cotton thread fuse, n-hexadecane, and that lost due to carbon formation. Assuming F ) 1.00, the average ratios, 〈r〉, of the mass of carbon dioxide produced by the samples during the energy of combustion measurement to that calculated from its mass with uncertainties of twice the standard deviation of the mean were as follows: for 1a, 〈r〉 ) 1.0000 ( 0.0005; for 1b, 〈r〉 ) 0.9998 ( 0.0004; and for 1c, 〈r〉 ) 0.9666 ( 0.0006.
The enthalpies of sublimation of the three compounds were measured by the "vacuum sublimation" drop microcalorimetric method 32 in a Calvet High-Temperature Microcalorimeter (SETARAM HT 1000), held at the temperature T ) 419 K for 1a, T ) 412 K for 1b, and T ) 435 K for 1c. The standard molar enthalpies of sublimation {H m O (g, T) -H m O (cr, 298.15 K)} were corrected to T ) 298.15 K using a value of
∆298.15K
T H m O (g) estimated by a group method based on the values of Stull et al. 33 The microcalorimeter was calibrated in situ for these measurements by making use of the reported molar enthalpy of sublimation, at T ) 298.15 K, of naphthalene, C10H8: 72.51 ( 0.01 kJ/mol. 34 Some problems occurred during the microcalorimetric measurements, particularly for 1c, related to the low vapor pressure of the compounds and incomplete sublimation of the samples in some of the runs. The enthalpies of sublimation were then deduced from the temperature dependence of the vapor pressures. The standard molar enthalpies of sublimation of the three compounds were measured by the Knudsen effusion method using the apparatus as described by Burkinshaw, 15 with the detailed modifications previously reported.
35
The equipment was tested with several compounds of known standard molar enthalpies of sublimation (benzanthrone, squaric acid, and 4-hydroxy-2-methylquinoline), and good agreement with the literature values was obtained. The vapor effusing from the Knudsen cell was allowed to condense on a quartz crystal positioned above the effusion hole; changes in the frequency ∆f of oscillation of the quartz crystal were proportional to the mass condensed on its surface, 36 ∆f ) Cf∆m, where Cf is a proportionality constant.
From the Knudsen equation,
where (∆m/∆t ) is the rate of mass loss, a is the effective area of the effusion hole, and M is the molar mass of the effusing vapor. As the measured rate of change of frequency of oscillation with time, ν ) ∆f/∆t, is directly proportional to the rate of sublimed mass 36 of the crystalline sample, ν ) Cf∆m/ ∆t, By applying the integrated form of the Clausius-Clapeyron equation, the enthalpy of sublimation, ∆ cr g H m O , may be derived from the slope of ln(νT 1/2 ) against T -1 . From five independent sets of experimental measurements of the frequency of the quartz oscillator for each compound, at convenient temperature intervals, it was possible to obtain five independent results for the enthalpy of sublimation of each compound, referred to as the mean temperature of the experimental range.
Computational Details. Density functional theory, DFT, calculations were carried out considering the B3LYP threeparameter hybrid method proposed by Becke. 37 The B3LYP method comprises an exchange-correlation functional that mixes the nonlocal Fock exchange with the gradient-corrected form of Becke 38 and adds the correlation functional proposed by Lee et al. 39 The use of the B3LYP method with a relatively large basis set is known to be an excellent computational choice. 18, [40] [41] [42] [43] [44] This approach was found to provide very good molecular geometries comparable to those obtained using more accurate and CCSD(T) or QCISD methods, which demand much greater computer resources, together with a medium-sized basis set. 41, 42 Therefore, use of an extended basis set is needed; unfortunately, this makes infeasible the application of these accurate methods to the majority of chemical compounds in which the chemists are interested, i.e., large-sized molecules and compounds containing heavy atoms. The success of the hybrid approach is also confirmed by the good agreement observed for phenoxyl radical's vibrational frequencies and spin densities computed at the DFT/6-31G(d) level of theory and those obtained experimentally or calculated using the more expensive CASSCF/6-311G(2d,p) approach. 45 In this work, total energies for all the species were computed at the B3LYP level of theory but using different basis sets, all derived from the standard 6-31G(d) by augmentation with diffuse and polarization functions. These energies were corrected by including the zero-point energies, ZPE, as well as translational, rotational and vibrational contributions to the enthalpy at T ) 298.15 K, obtained by a calculation of vibrational frequencies at the same level of theory except when specified. All computations were performed by means of the GAMESS-US suite of programs 46 except G3 calculations, which were performed with the Gaussian98 package. 47 These enthalpies at T ) 298.15 K were then used to estimate the enthalpies of formation of the substituted quinoxalines considered in the present work and also to calculate the first and second (N-O) bond dissociation enthalpies of the corresponding quinoxalines-1,4-dioxides. The enthalpy of formation of 2a-c were estimated by combining the enthalpy of the isodesmic reactions 1 or 4, calculated from the previously computed thermally corrected energies of each species and the experimental enthalpies of formation for methane, -74.85 ( 0.31 kJ/mol, 48 52 The (N-O) bond dissociation enthalpies have been calculated directly from previously computed thermally corrected energies of the several quinoxaline derivatives and the enthalpy of atomic oxygen in the triplet state.
